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A.  OVERVIEW  OF  RESEARCH  GOALS 


The  research  supported  by  this  contract  has  been  directed 
toward  improving  our  understanding  of  the  turbulent  convection 
that  is  present  below  the  solar  surface  and  of  the  penetration  of 
these  motions  into  the  solar  atmosphere.  The  dynamics  of  this 
convection  has  a  critical  role  in  determining  the  magnetic 
activity  of  the  Sun  and  thus  is  fundamental  to  all  studies  of 
solar-terrestrial  relations.  The  work  during  the  first  two  years 
of  effort  as  Part  I  of  this  contract  concentrated  partly  on  the 
development  of  nonlinear  anelastic  and  Boussinesq  modal  equations 
to  describe  solar  and  stellar  convection.  The  solution  of  such 
highly  nonlinear  equations  required  the  use  of  major  computing 
facilities  and  of  asymptotic  analysis.  The  research  dealt  with 
observational  studies  of  supergranular  scales  of  convective 
motion  over  a  broad  range  of  heights  in  the  solar  atmosphere.  It 
also  lead  to  the  discovery  of  apparently  a  new  discrete  scale  of 
convection  on  the  Sun  called  mesogranulat ion .  The  coordinated 
ground-based  and  satellite  observations  utilized  the  Sacramento 
Peak  Observatory  (SPO)  diode  array  and  the  Orbiting  Solar 
Observatory  8  (OSO-8)  satellite’s  ultraviolet  spectrometer. 

The  work  during  the  next  three  years  of  effort  as  Part  II 
turned  to  coordinated  observations  of  persistent  flows  ranging 
from  the  photosphere  to  the  transition  region  using  the  Solar 
Maximum  Mission  (SMM)  satellite's  UVSP  instrument  and  the  SPO 
diode  array.  The  studies  dealt  with  supergranular  and 
mesogranuJar  scales  of  motion  within  and  outside  magnetically 
active  regions-  The  height  variation  of  the  flow  amplitudes/ 


their  correlation  with  magnetic  structures,  and  the  degree  of 
isotropy  were  of  primary  concern.  A  major  effort  was  also 
initiated  to  use  the  five-minute  oscillations  inherent  in  our 
Doppler  velocity  data  sets  to  search  for  the  presence  of  large 
scale,  spatially  periodic  flows  (akin  to  giant  cells)  below  the 
solar  surface.  The  oscillation  studies  required  the  development 
of  inversion  procedures  to  be  able  to  deduce  the  variation  with 
depth  of  giant  cell  flows.  The  continuing  theoretical  work  on 
anelastic  modal  descriptions  for  solar  convection  concentrated  on 
the  time  dependence  achieved  when  multiple  modes  are  introduced 
into  the  representation,  and  dealt  with  the  essential  issue  of 
implementing  subgrid  modelling  of  the  turbulence.  Such 
theoretical  modelling  of  convective  flows  in  the  subphotosphere 
yielded  predictions  of  mechanisms  that  serve  to  prevent  the 
Largest  scales  of  convection  from  roaring  into  the  atmosphere. 

It  also  predicts  that  strong  horizontal  flows  may  well  be  present 
at  relatively  shallow  depths  below  the  surface. 

B.  RESEARCH  ACCOMPLISHMENTS 

The  research  work  supported  in  substantial  part  by  this 
contract  has  resulted  in  20  published  papers  in  refereed 
scientific  journals,  the  cover  pages  of  which  are  attached  as 
Pajiers  A  to  P .  A  further  18  published  abstracts  of  talks  at 
national  conferences  have  also  been  cited  in  the  quarterly 
re[)orts,  and  there  have  been  over  22  other  seminars  given 
describing  aspects  of  the  research.  Of  equal  importance  are  the 
C  Ph.D.  theses  (Theses  A  to  F)  that  have  been  completed  at  the 
University  of  Colorado  under  the  supervision  of  the  Pi's  of  this 
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contract;  this  is  of  considerable  significance  to  tVie  long-term 
development  of  such  research  endeavors  in  solar  physics. 

The  Ph.D.  thesis  studies  supported  in  part  by  this 
contract  are  entitled: 


Thesis  A. 


Thesis  B. 


Thesis  C. 


Thesis  D. 


Thesis  E. 


Thesis  F. 


"Mesogranu lation  and  Supergranulation  in  the  Sun" , 
L.J.  November ,  1979. 

"Internal  Gravity  Waves  in  the  Solar  Atmosphere", 

B.R.  Mihalas,  1979. 

"Convection  in  Rotating  Layers  with  Thermal  Winds 
and  Applications  to  Jupiter",  D.H.  Hathaway,  1979. 
"Mesoscale  Entrainment  Instability  as  the  Cause  of 
Mesoscale  Cellular  Convection",  B.H.  Fiedler,  1982. 
"Oscillating  Probes  and  Direct  Observations  of  Solar 
Convection" ,  F.  Hill,  1982. 

"Nonlinear  Compressible  Convection  with  Penetration", 
N.E.  Hurlburt,  1983. 


The  published  research  papers  that  serve  as  the  primary 
reporting  of  the  scientific  results  from  this  contract  are 
conveniently  reviewed  by  considering  four  groupings  of  the  papers 
and  the  theses: 


GROUP  1.  (Papers  A  to  D;  Theses  A,E) 

Observations  and  Interpretation  of  Large-Scale  Persistent 
Ve Loci JP ie Ids  in  the  Solar  Atmosphere; 

Coordinated  SPO,  OSO-8  and  SMM  Observations 
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The  calibration  of  theoretical  models  of  solar  convection 
requires  high  quality  data  about  the  variation  with  height  of 
persistent  flows  in  the  solar  atmosphere.  Since  observations  may 
well  lead  such  theory,  we  believe  it  essential  that  there  be  a 
close  interplay  between  these  two  disciplines  and  therefore  have 
accordingly  organized  our  research  programs.  Thus  we  have  sought 
to  measure  and  interpret  the  manner  in  which  convective  flows  are 
able  to  penetrate  upward  into  the  photosphere,  chromosphere  and 
transition  regions.  Velocity  observations  in  the  upper  portions 
of  the  atmosphere  have  required  the  use  of  ultraviolet 
spectrometers  aboard  spacecraft  like  OSO-8  and  SMM.  Doppler 
measurements  being  made  simultaneously  from  the  ground  at  SPO 
permitted  us  to  link  these  flows  to  ones  in  the  photosphere  and 
nea-  the  temperature  minimum,  thereby  yielding  a  coherent 
sampling  of  the  velocity  fields  over  a  broad  range  of  heights. 

Papers  A  and  D,  and  Thesis  A,  showed  that  persistent 
flaws  of  supergranular  scale  can  be  traced  all  the  way  up  to  the 
transition  region,  with  such  velocity  patterns  able  to  penetrate 
well  over  11  density  scale  heights.  The  character  of  the  flows 
has  changed  with  height,  with  horizontal  rms  flow  amplitudes 
increasing  from  about  400  m/s  in  the  photosphere  to  over  1500  m/s 
in  the  middle  chromosphere.  A  distinctive  change  also  occurs  in 
th'“  flow  structure:  although  horizontal  flows  predominate  in  the 
photosphere,  the  flows  become  increasingly  isotropic  with 
height.  These  properties  suggest  that  supergranulation 
experiences  strong  braking  of  vertical  momentum  in  the 
subphotosphere,  while  the  horizontal  shearing  flows  in  the 
c;h romosphere  must  be  shear  unstable  and  a  source  of  internal 
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gravity  waves.  Thus  convective  flows  of  large  horizontal  scale 
have  a  remarkable  ability  to  penetrate  into  the  atmosphere,  and 
hardly  have  a  benign  role  there. 

Paper  E  reports  studies  with  SMM  of  persistent  flows  in 
the  transition  region,  revealing  that  their  spatial  rms  increases 
to  over  4000  m/s  as  sampled  in  C  IV.  There  is  a  striking 
correlation  between  intensity  and  vertical  velocity  acrr'ss  the 
field  of  view  that  often  shows  two  distinct  branches  when  these 
variables  are  plotted  against  each  other:  the  sites  of  strongest 
emission  in  the  UV  often  possess  vertical  velocity  amplitudes 
substantially  lower  than  those  on  the  primary  branch.  This  led 
us  to  discover  that  such  a  signature  is  associated  with  regions 
of  emerging  magnetic  flux.  This  will  serve  as  a  means  of 
predicting  sites  that  should  show  substantially  enhances  soft 
X-ray  emission  known  as  X-ray  bright  points,  and  such 
observations  will  be  a  key  aspect  of  SMM  operations  after  the 
repair  of  the  satellite.  We  should  emphasize  that  all  of  the 
coordinated  observations  have  been  very  demanding,  requiring 
extensive  development  of  procedures  and  calibrations  on  both  the 
OSO-8  and  SMM  satellites  and  their  spectrometers,  along  with 
considerable  improvements  on  the  SPO  echelle  spectrometer  and 
diode  array. 

TVie  study  of  persistent  flows  also  requires  careful 
filtering  out  of  strong  contributions  from  five-minute 
oscillations.  We  devoted  considerable  attention  to  this 
question,  and  as  a  consequence  discovered  a  new  scale  of 
convective  flow,  with  its  horizontal  scale  of  7  Mm  being 
intermediate  V^etween  that  of  granulation  and  supergranulation. 
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Papers  B  and  I,  and  Theses  A  and  E,  discuss  the  properties  of 
such  mesogranulation  possessing  spatial  rms  vertical  velocities 
of  about  60  m/s.  Mesogranulation  my  represent  the  missing  scale 
of  convection  driven  largely  by  the  He+  ionization  zone. 


Paper  A. 

November,  L.J.,  Toomre,  J.,  Gebbie,  K.B.,  and  Simon,  G.W.,  1979, 
"The  height  variation  of  supergranular  velocity  fields  determined 
from  simultaneous  OSO  8  satellite  and  ground-based  observations", 
Astrophys.  J.,  227,  600-613. 

Paper  B. 

November,  L.J.,  Toomre,  J.,  Gebbie,  K.B.,  and  Simon,  G.W.,  1981, 

"The  detection  of  mesogranulation  on  the  Sun",  Astrophy.  J. 
Letters,  245,  L123-L126. 

Paper  C. 

Gebbie,  K.B.,  Hill,  F.,  Toomre,  J.,  November,  L.J., 

Simon,  G.W.,  Gurman,  J.B.,  Shine,  R.A.,  Woodgate,  B.E.,  Athay, 
R.G.,  Bruner,  E.C.,  Rehse,  R.A.,  and  Tandberg-Hanssen,  E.A., 

1981,  "Steady  flows  in  the  solar  transition  region  observed  with 
SMM",  Astrophys.  J.  Letters,  251,  L115-L118  (1981). 

Paper  D. 

November,  L.J.,  Toomre,  J.,  Gebbie,  K.B.,  and  Simon,  G.W.,  1982, 

"Vertical  flows  of  supergranular  and  mesogranular  scale  observed 
on  the  Sun  with  OSO  8",  Astrophys.  J.,  258,  846-859. 
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GROUP  2.  (Papers  E  and  F;  Thesis  B) 

Internal  Gravit.y  Waves  in  t.he  Solar  Ai:roosphere: 
Theory  and  Observational  Consequences 
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This  work  represents  a  detailed  assessment  of  how 
internal  gravity  waves  (IGWs)  propagate  through  the  solar 
atmosphere.  Paper  E  and  Thesis  B  describe  the  first  res  ;arch 
effort  to  calculate  IGWs  within  a  realistic  model  of  the  vertical 
stratification,  and  thus  clears  up  many  misconceptions  about 
partial  reflections  and  diffractions  that  arise  when  modelling 
the  solar  atmosphere  as  a  sequence  of  slabs  with  abrupt  changes 
in  properties.  The  paper  provides  explicit  predictions  about 
wave  amplitudes  and  relative  phases  betwen  velocities  and 
thermodynamic  fluctuations.  Further,  it  discusses  criteria  for 
the  nonl inear  it ies  that  must  come  about  as  the  waves  travel 
upward  and  increase  their  velocity  amplitudes  (due  to 
conservation  of  momentum).  These  criteria  lead  to  estimates  of 
heights  at  which  IGW  with  differing  horizontal  wavenumbers  and 
frequencies  may  be  expected  to  break  and  thus  deposit  their 
energy.  Paper  F  expands  the  analysis  to  include  effects  of 
radiative  dissipation  on  such  waves,  and  reveals  that  IGWs  may 
survive  the  cooling  effects  of  H-  ions  as  they  propagate  upward, 
provided  th.e  waves  are  either  produced  by  shear  instabilities  in 
the  photosphere  or  provided  their  wavelengths  fall  within  a 
specific  range.  Thus  our  work,  contrary  to  previous  predictions, 
strongly  suggests  that  IGWs  should  be  a  substantial  component  of 
velocity  fields  wil>iin  the  phutosphere,  chromosphere  and 
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transition  regions.  However,  explicit  observations  of  such  waves 
through  Doppler  measurements  of  spectral  lines  may  well  be 
inconclusive,  since  IGWs  often  have  vertical  wavelengths  short 
compared  to  contribution  functions  for  many  lines.  This  leads  to 
line  broadening  rather  than  simple  shifts;  phasing  relations  in 
thermodynamic  fluctuations  further  produce  asymmetries  and 
skewness  that  may  confound  spectral  line  measurements.  The  IGWs 
are  likely  to  be  one  of  the  main  causes  for  the  observed  line 
broadening,  and  thus  micro/macro-turbulence  may  largely  be  a 
superposition  of  many  wave  modes  that  are  just  not  being 
resolved.  Further,  the  breaking  of  these  waves  over  a  r  e  of 
heights  in  the  chromosphere  may  provide  a  significant  f • . ction  of 
the  mechanical  energy  deposition  needed  to  sustain  the 
cli  r  omosphere . 


Fape r  _E . 

F.  ihalas,  B.W.,  and  Toomre,  J.  1981,  "Internal  gravity  waves  in 
solar  atmosphere.  I.  Adiabatic  waves  in  the  chromosphere", 
Astrophys.  J.,  249,  349-371. 

Paper  F. 

Mihalas,  B.W.,  and  Toomre,  J.  1982,  "Internal  gravity  waves  in 
the  solar  atmosphere.  II.  Effects  of  radiative  damping", 
Astrophys.  J.,  263,  386-408. 
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GROUP  3 .  (Papers  G  to  P;  Theses  C,  D 

Development  of  Nonlinear  Modal  Descriptions  for  Solar 
and  Stellar  Convection:  Theory  Incorporating  _E f  f e c t s  of 
Penetration,  Rotation,  Stratification 


We  lieve  carried  out  a  broad  collaboration  on  the 
do ve  1  or m.ent  •  r'  nor.]  i  near  convection  theory  that  has  iriv  '  ve-i 
Dr  s  .  J.r'U'i  :,at  jur  and  Jean-Paul  Zahn  from  Observatories  of 
and  F^ic  in  Mi  ll  i;t  Toulouse,  Edward  Spiegel  from  Columbia 
I'r;  1  n’er  ;3  It  y  ,  Dotrulas  Gough  and  Nigel  Weiss  from  University  erf 
a:: r  i  dgc ,  Peter  Gilman  from.  HAO/NCAR,  and  Daniel  Moore  from 
Imperial  Coliege.  Wince  tVie  salaries  of  our  collaborators  are 
lurne  laroely  by  their  home  institutions,  and  because  we  have 
>:'■  I'lned  access  to  large  computers  without  explicit  charges  to 
tf,"  c nntract,  we  oelieve  this  major  aspect  of  our  research 
pr  rrram  has  beeri  especially  cost  effective. 

In  Papers  G  and  h  are  considered  the  development  of 
rurclary  conditions  for  convection  penetrating  into  stable 
surroundings,  and  the  consequences  of  this  on  loss  of  angular 
I'lomcntum.  Papers  I  and  J  discuss  the  major  issues  of  what  occurs 
wh..-!  conve'-tive  motions  are  explicitly  treated  as  being 

):i'r  r-T,  s  i  b  1  «-> .  The  rcj’es  of  rotation,  curvature  and  north-soutli 
_■  :  urc  'T.  j  iiorO'.  uo.m  the  preferred  forms  of  convection 

I  or"  it  >!'  1  de:  <■'  1  in  iVipers  K  and  L.  This  work  is  vita]  in 

;  rc  •  'fC'-ti.-r.  v;:  tlit'i  th'-  fuant  cells  on  the  Sun  should  be 

:  M-  lu  I'd  .  ■/  ]  cum  I  ourh's  liignci  with  the  rotation  axis,  as 

’'a'du  i  ‘  r.hu  a  x  ;  sy  :';r“t  T  rr;  I  Is  aligned  in  the  east-west 

'  :  r^'-*  1  ‘d,’!  -'cu:*  he  i  t  iF  on  J'hoiter.  Papers  M,  N,  O  and 


I 


i 
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PAPER  I 


ovFRSfi  ; "tik  convkct [hn  zonk  and  tmkik  rolk  in 

AT'’  'S  A  i;-'-'  A  "'■'A  I'!  : 


,!  iir  1  T^.'orir  c 

Do ir  r-u-n  t  r  r  0-' ophyp  I  cs  and  Joint  InscitMto  for 

l.-uv.r-t  Li.'-r  V  r  r  ■ .  p';  vs  i  c  p  ,  I'niversitv  of  f'olorn.Jo  inJ  'firiiP’il 
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1.  INTfVP-y  riP;; 

Cbrviiio.'roor-  '.nJ  coronno  in  stars  appear  to  require  v  i;;or  tnis 
conveti'.pi  .•  ,iip-.  A,>,r  hoio'.-’  the  surface-  If  we  wish  to  under  s  t  a  nd  how 
vaiious  dvp.i,:.  i ,  ustah  i  1  i  t  ies  contribute  to  the  nechanira'  'leaLi.'u; 
that  i'  rcp'ir-'d  ’  prodi'.re  c hr onospher es ,  then  '-re  nust  be  c.uncoriKnl 
both  w:t’'  ■  iid  ••■fiipis  in  the  atmosphere  <and  witli  tlie  nntun*  of  their 

driv::.,  1  .  •'  surf  iCe.  'Dne  cannot  really  separate  these  two  sub¬ 
jects.  !■'.  !  ;t.r  inplias  i.te  this  link,  we  will  raise  some  b.asic  mu.',- 

tica's  .boat  .  o  r i  ve  flows  in  a  stellar  envelope  anci  of  their  nene- 

trati  J-.  i'lto  *  1>.:  at-i  );;p':',..'re.  Hie  s  i.:>  ni  f  i  cant  pusTles  betwoi  n  what  is 
observed  .p.d  ..t  ce.n  be  t  Isior  e  t  i  ra  1  1  y  explained  should  serve  i  a  i  nd.  i - 
cate  sore'  -'l  t'"'  issues  that  need  to  be  pursued.  'w'e  will  concentrate  on 

the  Sun  in  air  d  i  sc  ns';  i  ijn  s :  the  observations  here  are  sufficient!'.’  ie- 
tailed  ’.o  privido  t's  I  i  c  i  t  rhallen'aes  to  tlieory  unavailable  in  nosr 
other  stars.  i'owc-.'.-i' ,  ■.-.e  'will  also  turn  to  A-type  stars  to  illiisrrito  a 
theoretiial  ..r  i  >■  ei’nr  e  far  loser  IbinR  convection  that  nav  do  b'  rter  tlsin 
tt'i.  n  i  ;<  i 'p;- :  laatth  appf’  acii  in  predicting,  the  vertical  structure  in  thes-n 
f ! ows . 

2.  D’'';;A‘;if'  of  ''hf  convicction  zone  with  the  atmospheri 

T'k.  siolar  .it;-  -spheri;  and  the  convection  zone  are  linked  by  a  lutnher 
of  dynani-  d  rinra-tic  processes  that  have  the  potential  for  deposit- 
inp  !  .  •  '  ,•  hr  omos  [)!u  r  •■.  The  principal  coupling, s  are  provided 

by:  a)  ■i.;,-  ,  ,i- •  -'i  "m  •  t  i  c  liynamo  action  deep  within  tlie  convectinn 
zone  '..as'  r'l"  i e  ’or  nrodnein;;  and  shaping  the  observed  najuieric 

til'!,!  ..  ••  '  s'.^f;.'.'.  A  variety  of  associated  mae.netic  i  n 'U  i  hi  i  1  i  t  i  i 

and  '.  !,  ''I  I  '■ ‘r  :  •■i.e  '.v-ives  luive  i  major  role  in  local  Iv  te.-atine,  t  lie 

armo,  i.  .  .  '  -.  .,re  nn.ihle  to  predict  theoretically  how  mi  yne  i  i  c 

fi-.it.ir  ••  .l.ir  .lirt.ic.'  r’-illy  rime  about  or  what  controls  this-i, 

i  arcs'  I  i.i’l  '  d  sol.ir  dvnaico  i-.iidels  are  still  beyond  our  cr.isp. 

b)  :  I  il!  tions  '.jhirh  now  have  br'en  identi!  i  ed  .n,  s'.inil- 

luc  .,  •.  ..  ••  •  snvi'lope  and  larKelv  evanescent  waves  in  I' 

at  )  ;  !•  :  o  .  .  .--.t'e  r  stroi',;  link  between  these  two  regions. 
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On  the  Angular  Momentunri  Loss  of 
Late-type  Stars 

B.  R.  DURNEY 

National  Center  tor  Atmospheric  Research.^  Boulder,  Colorado,  US  A. 

J.  LATOUR 

Joint  Institute  for  Laboratory  Astrophysics,  Boulder,  Colorado,  U  S  A. 

and  Observatoire  de  Nice,  Nice,  France 

tReceii  i’J  June  2J.  1171  \ 

The  observed  surface  aneul.ir  selociiy  of  main-sequence  siars  shows  a  sharp  decrease  a!  aboul 
spectral  type  f  h  '»'■  e  sueeesi  tnai  stars  mote  massive  than  Kh  cannot  experience  an  appreciable 
angular  moinermini  loss  because  their  convection  /ones  cannot  sustain  a  magnetic  dynamo: 
without  a  maciieliv.  held  the  anc  -lar  ntomeniuni  loss  is  very  small.  The  inlluence  ol  rotation  on  the 
convective  r:tv.,'ti. ir.s  is  essential  for  tiiC  existence  s-f  a  solar  type  dynamo.  Rotation  ean  influence 
those  convective  motions  only  if  ttic  typical  convective  time  is  larger  than  the  rotation  time,  i  e  .  if 
f/u,  >  l,tl,  wheo:  u.  and  /  ate  typical  values  of  the  corvsectvst  stlocvty  and  mixing  length  in  the 
lower  part  of  the  convcct.on  /one  and  1/  is  the  star's  angular  velocity.  For  main-sequence  stars  of 
different  masses  and  chenucal  compositioris  we  evaluate  the  dimensionless  parameter  u.  I!  I  and 
show  that  It  insre.i'c-s  ve'y  sharply  tor  st  iis  vvhose  mass,  M.  exceeds  that  defined  by 
logt.W,  .tf  ,  I  s  0  1  (fl  and  \f  are  tl'C  sun  s  angular  ■—loeity  and  mass,  respectively).  Thus  even 
for  large  angular  velocities,  magnetic  dynamos  are  :t-)t  (easiole  it  logt.M  )  appreciably  exceeds 
0  1. 

INTRODUCTION  AND  THEORY 

Figure  1  (frurri  Krafi,  1 96'^  ysliows  the  variation  ofaverage  aneulitr  momentum 
density  with  sic  liar  mass  for  m, tin- sequence  stars  t<  .T  /  is  tiie  average  angular 
momentum,  assiimim;  solid  rsody  rotation,  ol  main-sequence  stars  vv nh  a  aiveii 
mass,  divided  bv  the  stur'.s  m.iss,  .M.  and  .  it  -  M  \I ^  )•  1  he  e.i(lrapolated  line, 
'  vvas  added  by  Diske  Tlie  striking  feature  about  Fig.  1  is 

the  sharp  decre.ise  m  r  for  stars  iess  massive  than  about  1 .5  \/r Schat/man 
fl962)  allril’iited  this  hieak  m  v ./  /  to  the  angular  momentum  loss 
experienced  by  stars  with  convection  7tsiies  according  to  the  following 
conception:  tlte  sutlacc  l.iycrs  of  convection  zones  are  efficient  in  generating 
sound  vv.tve  ,  w  li’.cl'.  propag.vte  upwards,  shock,  and  deposit  their  energy  in  the 
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On  the  Boundary  Conditions 
Imposed  by  a  Stratified  Fluid 

JEAN  LATOURt 
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Generaluing  ihe  results  ohla-ned  hy  Slix  il970)  and  by  Whitehead  |I97J),  we  picsciil  the 
homogeneous  boundary  conditions  that  arc  imposed  by  a  fluid  of  stable  but  (itherwiw 
arbitrary  strjtirication.  1  tiese  penetrative  conditions  arc  strictly  valid  only  in  the  limit  of 
Steady  lineinrcd  flow,  but  under  some  conditions  they  can  also  be  applied  to  noiiline.ir 
problems  An  csample  of  linear  penetrative  convection  is  treated  in  order  to  illustrate  the  use 
of  these  boundary  conditions. 


1.  INTRODUCTION 

In  many  problems  encountered  in  geophysical  or  astrophysictil  fluid 
dynamics,  the  unsUible  region  which  gives  rise  to  the  motions  is  relatively 
small  compared  unii,  for  example,  the  whole  atmospliere  or  the  whole 
star.  When  one  deals  numerically  with  those  motions,  one  is  therefore 
tempted  to  describe  them  only  in  the  unstable  region  and  its  immediate 
vicinity  This  however  raises  the  pucstion  of  what  conditions  arc  to  be 
imposed  at  the  boundaries  t'f  the  computational  domain. 

Since  the  motions  arc  damped  in  the  stable  region,  one  might  try  to 
compute  a  numerical  model  on  a  domain  large  enough,  so  that  the 
amplitude  of  the  solution  would  be  very  small  on  its  boundaries.  This 
could  be  acfiievcd  with  a  computational  domain  encompassing  several  e- 
foldi  ng  distances  of  the  solution  in  the  region  of  stability.  Stress-free  or 
rigid  boundary  etinduions  could  then  be  applied  at  these  points,  but  with 
the  shortei'iiiing  iif  imposing  physical  constraints  that  arc  qualiltilively 
dirfereni  fmm  those  prevailing  in  the  stably  stratified  fluid,  where  no 
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ABSTRACT 

RadiatKx'  damping  of  iiiicrn;il  giavjt>  wtives  in  the  solar  atmosphere  is  considered  in  a  liiie;iri/e.t 
jppmxinuttion  wiih  a  height-dependent  Neu toman  coohng  lime.  A  luietir  tit  is  maiie  to  ,Sii\ 
damping  times  lt>r  the  phoiospliere.  and  this  linear  relation  is  snnpl>  e.xtended  into  the  chromospiiere 
Initial  energ>  lUi.xes  (>l  10'',  10  .  and  10"  ergs  cm  •  s  ‘  are  assumed  for  monochromatic  graviis 
waves  with  ;i  wide  ranee  of  Irequencies  tind  licsrizontal  wavenumbers. 

It  IS  found  that  damping  has  the  least  etfect  on  w;i\es  w ith  smtill  values  tsf  the  s criieal  wa  \ en umber 
For  such  v(a\cs  cnorgv  tluxes  of  10'  10"  ergs  cm  ‘ '  s"'  am  reach  the  temperature  mimnuim 
from  an  initial  tlux  I'l  10  10“  ergs  cm  ‘  s  '  in  the  low  photosphere.  The  energy  lliix  of  ihese 

gravity  waxes  at  chromospheric  heights  appears  to  be  limited  by  development  ol  nonlmcaniies 
more  than  by  radiative  damping. 

Gravity  waves  have  larger  horizontal  than  vertical  velocities:  radiative  damping  causes  the  raiio 
of  the  velocities  to  increase  and  the  velocity  amplitudes  to  dimmish  with  height  from  the  low 
photosphere  to  the  temperature  minimum  region.  These  waves  may  play  an  impoitaiii  ri'lc  m  the 
broadening  and  stronethening  of  phoiosphcnc  spectral  lines;  like  granulation  ilows,  the  cenicr-to- 
limb  variation  and  the  height  dependence  of  the  velocities  have  the  same  sense  as  those  deduced 
from  observations 

Phase  lags  between  vertical  velocity  and  the  pressure,  temperature,  and  densitv  perturbations 
are  strongly  allected  hv  ihe  d.imping.  Also  altered  are  vertical  wavciength.  group  velocity,  and  rav 
path.  Amplitudes  ol  the  thermodynamic  ponurhaiions  change  relative  to  one  another  and  to  ilie 
velcK'ity  amplitudes  These  etfects  are  discussed  both  m  terms  of  the  ctvmparison  between  adiab.itic 
and  damped  graviiv  waves  and  in  relation  to  the  etfects  of  waves  on  spi.xtral  lines. 

Subject  hcculiiuis  gravit.ition  Sun:  atmosphere  -  Sun:  atmospheric  motions 
Sun  chrornvvsphere 

t.  INrRoril  (TION 

In  the  solar  photosphere,  temperature  tUictuallons 
associated  with  .icmisi ic-erav  it v  w.ives  m.iv  be  rapidiv 
smoothed  hv  tfie  tr.iri'ler  ol  ravJialion  between  hotter  and 
cooler  regions  In  addilimi.  Inch  emissivities  lU  the 
presence  ol  an  upcn  honnd.irv  allow  rapid  loss  of 
radiation  to  space,  widi  iii'Mer  recions  r.idialine  more 
strongly  than  cooler  reeii'n-  Ihe  impc/it.int  eon- 

trlbuI('r^  to  the  hieh  cp.ieii'.  .ind  emi.sivitv  m  the  low- 
photo. pliere  .lie  pnx'.-.ses  invirivipg  the  II  ion, 
primarily  simple  d  1  '"e i.il ion  .ind  ree( 'mbin.ilion  with 
aecomp.invine  .ibM  iplion  .ind  '.:niission  ol  continuum 
radiation  f he  op.Kilv  in  the  pliotosphere  decreases 

I  .r -.I  “>  I'lcf'il  's.. f  “'iri'f.ii i* 'fi 
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exponentially  with  height :  its  scale  height  is  .iboiit  (lO  km. 
and  thus  about  htilf  the  densily  scale  heighi  Sinee  the 
rate  of  energy  loss  is  directly  proportion, il  lo  ihe 
cmissivity.  theclfccts  of  radiative  d.imping  ,11c  evpecled 
to  be  greatest  low  m  the  phoiospliere  I  ndLi  die 
simplifying  assumptions  that  tlie  gas  is  opiie.illv  ilim. 
isotrrspic,  and  isothermal  iSpieeel  Ids’’.  Slix  I'l'ii),  one 
obltims  damping  times  ih.it  are  iiuerselv  pi opoi  1  lon.il 
to  the  opaeitv  and  thus  inereasc  r.ipidiv  vviih  lieii'hl 
Radiative  d.impinc  is  a  dissip.iiive  pioeess  di.il  .lels 
directly  Irv  diminish  the  m.ienilude  of  die  lempei.iuiie 
perturbation  .issoeialed  wn  die  w.ive  In  dome  so  it 
decreases  the  wav e ampin iide and  diercbv  dieeneiev  llnv 
as  well.  Because  the  .Newioman  cooling  leMi.  .1  I  I.  iim,'. 
terms  to  the  linearized  eneigv  eijii.ilion  a  napiiie 
modlhes  the  dispcr-aon  rel.ilion  .iiid  .ill  hne,!;  :  l.ip.  n  , 
among  perturbation  qii.intii  les  in  (xiri  le  u  l.n ,  n  .1 !  iei  s  11 .. 


1 


3K6 


2] 


PAPER  E. 

Thf  AstR(H’hysu>i  J<u  rvm.  ^‘’l,  October  I 

J981  Th<  Amen.^n  ^vit>'P.>r^it.ril  StH.iii'i  All  nghn  m«r«ed  Printed  m  1‘  SkA 


INTERNAL  GRAVITY  WAVES  IN  THE  SOLAR  ATMOSPHERE 
I.  ADIABATIC  WAVES  IN  THE  CHROMOSPHERE 
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ABSTRACT 

Properties  of  adiabatic  and  linear  internal  gravity  waves  propagating  in  a  solar  model  are  presented 
and  discussed  Nonlinearitv  criteria  unique  to  gravity  waves  are  empUsyed  to  estimate  wave  bieaking 
heights,  and  the  results  are  used  to  deduce  information  on  the  possible  role  of  gra\itv  waves  in  the 
chromospheric  energy  balance. 

We  find  that  in  the  photosphere  and  low  chromosphere  the  ratio  of  horizontal  to  vertical  velocity  is 
large,  and  thus  hne-of-sight  velocities  of  gravity  waves  are  much  greater  near  the  solar  limb  than  ai  disk 
center  Cms  ratio,  w  Inch  is  approximately  proportional  to  the  Brunt-Vaisala  Irequencv  dr.  ided  hv  ihe 
wave  frcirs  ncy,  becomes  much  smaller  and  may  approach  unity  in  the  upper  chromoNphere.  where 
the  Bru^t-^'al^ala  frequency  is  very  small.  This  probably  implies  much  stronger  centcr-lo-limb 
variation  of  line  broadening  low  in  the  atmosphere  than  m  the  mid-chromosphere.  M.ivmuim  vertical 
velocity  amplitude^  li'r  gravity  waves  are  estimated  to  be  of  the  order  of  2  km  s  ‘  or  less,  and 
maximum  lun  i/ontal  velocity  amplitudes  are  around  6  km  s '  '  or  less,  while  lemperaiure  periiirba- 
tions  may  be  a-,  large  as  bXKi  2(HX)  K.  Substantial  phase  lags  exist  between  the  lliiid  velocitv  and  the 
temperature  and  density  perturbations,  and  the  height  variations  of  these  phase  lags  s  ieai  ly  show  an 
interference  pattern  that  results  from  partial  rellection. 

We  cstiniaie  that  gravity  waves  with  an  incident  energy  tlux  of  10"  ergs  cm  •  s'  ‘  can  propagate 
upward  to  a  maxinuim  height  of  around  dOO  lOfK)  km  at  ove  the  visible  surlace  before  I'.niline.irilies 
lead  to  wave  bre.iking.  while  lin'se  with  an  energy  tlux  of  10^  ergs  cm' '  s  '  can  .lU.iin  maxiimini 
heights  of  around  I-UM)  ItiiK)  km.  Comparison  with  estimated  energy  losses  indicates  that  gravity 
waves  could  conn  ibuie  sii;niiic  uuly  to  the  energy  balance  in  the  low  and  mid  chiomosphere.  but  .ire 
not  likely  lo  be  an  important  source  of  heating  at  g'eater  heights 
Stihji’ci  gravitation  Sun  atmosphere  Sun  chromosphere 


1  iNikoin  t  iioN 

The  acou^tlc-',:rav  ilv  -.v.ive  spectrum  in  ihc  solar  atmo¬ 
sphere  conipri-i’-  .v.r.cs  witii  ticqucncies  th.il  permit  free 
propagation  in  liie  .ilino-pheie.  w.ivcs  ih.al  .lie  evane¬ 
scent  thrinnjhoul  iniivh.  .ill  ol  ihe  .ilino'-i'heie.  aiul 
propag.i'ing  w  ,i .  r’  -  di.i  l  r  .  i :  heeled  in  the  shi  i  .mospneie 
and  tli'is  in  i'.  ■' m. ; en.- ,i\e  .  i  he  .n..  tie  w.ives 

(p  niods  .)  .II.-  on-  m  -it  i!,e  hi.dier  Ireqi;..  acies  .ind 
internal  ei. IV  It  .  '.v.i.c-l;/  m.  ide  |  ,i  l  l.he  ii  ■.-■  ei  ones  Uolti 
el, Is, e-.  "I  w.oi  .  i;i  bei'sul'd  i..iihl  tsv  i  I’e  lui  bulenl 
convcelmn  t'  -|  i  .  ;:;e  'i.il.ii.e  .i.id  n.  iIk-  p s: ,  i .il ion  oi 
those  mol  n  ip  .  inn  ■  '  tie  n\  -r  Iv  imr  -  i,i '  .ie  .ilnio  [slieie  It  is 
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the  propagatirig  acoustic  waves  that  first  received  .iticn 
tion.  largely  bec.iiise  they  ap[U'.ired  to  be  e.ip.ible  ol 
transporting  meeluinical  cnere v  iipw ,itd  ,ind  dcposii mg  it 
III  ihe  i.hri.>im>sp!iere  .ind  li.iiisiiion  reeion  (e  g  .  n,  h.n/ 
man  IV  ih.  Idmschneider  14  '  i ,  I  u '.4  .  Stem  .iiu!  I  eii’.i.  hei 

l^-g)  ll  now  ap[X'ars  ih.il  Ihe  sieetx-nme  ol  ihe  .e  -ho'i 
period  waves  into  stioeks  nuiv  indeed  seive  to  lie.it  tiw 
lower  eriromospheie  but  Ih.il  lliev  c.mnol  pio.nle  liie 
necess.ti  v  hc.il  ini’  higiieiin  i  he  .imios|  .hei  i  1  loi  d.i :  I  ’ 

(.  rim  I'C";  \th.iv  .ind  Vkhile  1‘i's) 

More  revenlly.  evlensive  sindv  o!  cv.uu'se.'iii  n.'ioiK 
w.r.es  ii.'.s  fieen  inspired  bv  olwei  v.ilions  -.liow  inn  ili.il  ihe 
‘'-ininule  oseillalioiis  h,i  V  e  rid-je  si  I  net  iiies  111  I  lu  II  .| '  1 1 1,1 1 
and  lernpoi.il  (f,,i'r)  powei  I'celi.i  (lieiitm.  1  !'■  s 

Rhodes.  I  Irieli,  , ind  Simon  l‘i  ’ .  |  leuhiiei  I  IikIi  nul 
Rhoiies  14.'4)  [he  ridees  siieeea  dispeiMon  1.  I.ili.'in, 
ifiat  are  corisislenl  with  longer  peiiod  .roiisIk  nio  In- 
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ABSTRACT 

Steads  flows  base  been  c'hscrvcd  at  d:vk  ecntcr  on  the  quiet  Sun  usiTf!  the  Cniversitv  id  Colorado 
Ultraviolet  Speetrouieier  on  O.S'f  mV  and  the  liiode  arrav  iti'lrumenl  at  Saeramenlo  Peak  Ohservaloiv 
Simull.ineou'  observations  in  Ic  l  Mg,  i  A:'!'’.',  and  St  tl  A I  s  I  ■■  allow  us  to  soinpaie 

time-averaged  flopplei  velocities  over  a  neight  range  of  i4<k)  ktn  from  the  phoit'sphere  to  the  mukile 
chromosphere  It  is  'hown  that  patterns  isf  sieadv  veriieal  veUvttv  with  the  l.irgesi  spatial  'vales  ,,f 
supergranulation  are  ptesent  in  the  middle  ehroniospf'ere,  where  ihev  eojrelate  well  vvuli  iliose  seen 
lower  in  the  alinos;  lure  Suvh  pattern'  are  seen  to  persist  lor  at  lea'l  ^  hr.  with  downilow  generallv 
iKCurnne  m  re. ions  ,  i  vnhaneed  I'peii'tiv ,  and  upflow  -n  the  darker  areas  ObservevI  with  Id  •  .''o 
spatial  lesolution,  ttie  -patial  rni'  veloviiv  ainplitiide'  insrea.se  from  about  hi  nis  m  I  e  l  aiivl  M.  i 
to  about  ^■'it  Ills  in  Si  il  Higher  patial  resolution  reveal'  that  vartai'oiis  on  sniallei  hoii/oni  il 
seaies  of  about  !"  ire  a/'o  present  m  (iie  Si  H  velovifv  sfata,  altfioueh  these  J<>  ni'l  a'/rcl.iic  direi  llv 
with  the  mesoei  inulaiion  seen  m  he  t  and  Mg  l  VA'iih  2"  •  2<t'  resolution,  the  spatial  nils  ol  llie 
time  avei.ieevl  vvl'  i.i.  i  about  'tm  ms  ,  eoniparevi  vvith  about  4o  ms  in  le  l  and  ■'d  m..  in 
Mg  I 

Sub/ei  t /leui/uisO  bun  atmosphene  motions  Sun  elironiosphere  Sun  granulation 
ultraviolet  'pe-. tta 


I  IN  I  Kl  idl  (  I  Id'. 

I  he  oveishi  s'l.n.;  of  i  ■  'dve-  'ive  motion  -  into  the  solar 
photos;  here  hto.'no-f  i;ei  md  trail  d  on  re.  ’ii  pio 
vidcs  a  dll'  :  I  oii|  lin.  I'e'.v,  en  tin.  ..Iiiio  .piiere  .lad  tne 
vigoio,;.  turbiiii-n  ■  e.  I  .s  oir-  surPue  I!|.,-  he  .ihl  de 
pend..-ie  e  'I  ii.  ii  •,  :m_-  nii-|on  e.  ,ill.  led  I'v 

fiolli  the  ven  li  -d.d  ol  the  stable  atlllo  ph'.re 

and  tile  'i.itii'e  ol  dll'  loo  ;ij,  in  the  'iib;  neie  In 

pnns.pt'  it  a,'  .Mii.l  ::  are  ihe  heijht  de;  -.n  ieiisv  o| 

I  fie  V  ei '  u  1 1  ,  nd  h'  1 . til  i!  .  nip.  .nenl  -  o;  ;  Iki  m-  e  ion  :  n 
tfie  Jin'.  ;  I  ■  'e.  we  di,  u!.]  d.  ..tsK-  i..  pi.is.'  i.'n-ti.unis 
on  the  n  II  .  '1  I  'll  .  e  d  I  tv,-;,  ..v  ’i,,  ,,ir  l.u  e 

In  ad.  1. 1  ■.  1  It  h.  Ml]  !  t  ,  ;  .  ■  t.'i-  I. .  1  '  II.  lie  '!„■  .,n 

vfi.inii.il  ners'.  'tan  (.r'  l  t  .  ihi  se  n..  '.  ii'  .uul  its 

1  e  el  .  |o  ■.  ■  \  I  .  1  .I.-. 

'e  e'  •  •  •  ■  e  e  :  .  (I..,  .  I 

S:  -P'  I  I 

I  .  .  m  e  \ 

'S'  ei 

V  "  V  \  '  -s  e.  "  '.  I-  ■  ■ 

.  ..  .  I 


pv>s.siblc  v'onveision  into  w.ive  modes  ihioarh  m  i.ibili 
ties  Theoreliv .il  soluli.'ns  foi  vonveition  sii_.esl  ih.ii 
vchuiar  nioii.'iis  With  the  lame  hoii/.intal  ss.ii.s  of  .n 
pei  at  .mulal.on  ri."'i,iti  dee;  ei  ni  lliv  iii'.ii.'i  ,in.| 


penetrate  li.ehvi  into  tlie  st.it'ie  almos[ilieie  'i.m  those 
with  ttie  siii.elvT  svai.'  ..|  gi  .'.nui.ilioii  \V  lii  in  ii  mind, 
■we  li.ive  s. lined  out  ,i  proeum  ■  I  ■  d .  v  i  v  .id.  .ii'  I.'  tiulv 
tbs'  p.eneli.ilion  ol  .uiiv'rgr.ina,.ii  'i.-ws  ..\ti  a  bi.'.i.l 
i.m.e  .'I  lie'ght-  di  the  solai  .idiio  nn.  d  m  id.  Ii.’i- 
pier  ve!.s.il.es  .iie  vlelel  m.ned  f|om  ..daiv  id-  d  ,i  b 


II  pcvlial  Idle  Using  the  Liuveisiiv  .d  t  .  i.'i  ido  i  iu a 
V  I. -I.'t  S(  Id  .nieiel  . 'll  ill.  ( Irh.l  n  ■  i"  'i,..'.  'i  ' 

iirsn  ^)  ..itellile  .m.l  le  I  ,m,l  big  i  hie  v  in  ;l, 

.!  ■- -lie  .irr.iv  in.iiumenl  oil  in.'  ..uui.m  .e  p 

Sav :  ailiv  111.  ■■  1‘e.ik  t  M  ■  .  i  v  .i i.  i  ■.  i  bl  'i  1 1  1  i  i.  : ,  d  i  .  ; 
f.  dm.ilion  ot  t  he  e  pev  I  r  ,i  i  i ;  :ie  ■  ;  ni  ,ib.  n  i '  i  i  i . :  e 

ne.iriv  1  1  d  ,  n  -  d  V  .v  .i  le  In  , hi  .  1 1 .  -  in  I  he  ;  di.  '  m  i.  n  ■ 

the  middle  .ho  en  ■  ;'lu  le 

The  ti.id  it  lon.i  1  V  e'.v  .  'I  siij  ' I .'  [  .1  nil i , ii  .  I  •  i  ■  1  n 

phot. . f|.  t,  .  .f  ■  .  r  V  o'  .  ei  '  ill  It  I  , 

ih  11' d..e.  .1  '  ■ .  II.  'I  eii.il  V  ■  I. ■  I  A  ■ 
at'i  '111  ld<  R I  m-  1  V  ten  .  n  n 
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ABSTRACT 

S'.t'aijY  n.nva  in  the  ..jji'oi  a,i:,;r  trjn'oiu'n  rcg.i(>n  have  Heeii  (ibser\ed  with  ihe  LTira'.inlet 
Speeironieter  irui  i'  ■'  tn-A'.-:  il'\  SI'i  exf  entiient  on  tiie  ,A  \tu\intum  .^tisunn  >  s  '/C/i  s.ilellMe 
The  per'  at'.  ii'  '-eoie,'.!  -.een  at  d.-.k  veiuer  haw  'p.iltal  iins  amplitikle'  I  4  km  >  ni  ihe 

C  M  line.  '  >  K’li  '  .n  Si  r..  .ind  4  ^  km  '  in  ('  n  Ihe  ajnrhiude'  ol  the  more  h.'n/ontal  IIoa' 

.seem  lotoii  '  t'le  '  ten.!  'o  he  '.'mc'.xhal  higher  Plots  i>l  'i.'.uis  verlicai  veTi'eils  '.eiMJs  intensils 

se'cn  a;  ..loK  .inter  m  Si  and  (  IS  eh.’vx  iwo  disiinet  nianel'.es, 

Suhiti  i  hi.ul  San  aui’O'pheiie  mol, oils  Sun  ehrom.isphere  Sun.  eoron.i 


1  IM  RlM  ||  <  in 

The  reoull'  ri',.";  .1  !:e;e  lor  ihe  li.in'ilion  reeion 

IS  ere  ol  .  1  tv  d  .1  t  ,  ■ '  ■  :  ,1  .  i'  l  n,  ;  e  '.on  d  ."'.e  p.ej 

to  studs  ihe  he  ,h'  le;  nd^iiee  <  i  .'e.i.is  ll.’sis  m  Ihe 
quiet  Sun  ami  ne.ir  .o'  .■  .•eyi.n.  line  e.iriier  oba'i.  a 
tiona  SM  le  nude  •  r.ai’i.me.nuls  ni  the  Fe  1 
X557h.  Me  I  A  5 1  .iml  S'  il  M>'  ;)e^'i.j!  I  nee.  iieine 

the  Saer.iinenio  P  '■  (n  ■  r.  .  iSptii  li:...).-  arms 

mstruni.  'K  .iml  tne  '  n  .er  i.  .  .  i  ..i  r.,.).'  I  lii.i-.v.let 

SpeNlrometer  .m  I'.e  ii'.ii  -  ..lie  .iu  .N.’sembei  ei  n'.. 
1474,  Ihsl)  I!;..  !u  eh:  inu;..:!  'f  tho'e  hm.'  •  .m 

about  '4ui  km  It.  in  Ih.  (  h. ;  'n'le  ’l,e  iii;u.,lle 

'Si  ill  Mil-e  . . .  ■  •  •  .  I  >  1.  H..I  I..  ■' 

Sl.ir.i.irJ , 

'  <  iM'  -  •'  i  -  1  .  '  I  \  Si'  ■■■  :e  r:  M  , "  iv 

'Sl.lff  il.l  I  \  i  •  ,  I  I  ,  r  I  . 

N)p I  1  ■  .  !  .  o 

Aelron.-no  !■'  :  '  iio  .  ■  ...t.  '■  i-O'-,  n,  !.  .-i 

J.in,  .p 

'  t'l,'  '-.I'  ...  I,  I  ■  '  1  e  ■  .  R.  ■  :  .  .  ,1 

hv  the  N  .1  .  r-  ,1  V  <  '  1  .  "o  ■ 


e'hroinoepliere  W'e'  have  nov.  fvtended  tlu'e  obeeev.i 
Hone  ol  sleads  flows  into  ihe  li'sser  ir.meiiion  re-.i'’n 
I'  P'  R),  using  the  UVSP  expeiinniil  .n  Ih  S '/ U 
s.itcllilc  The  results  presented  here  sxere  ohi.i  n.'d  loni 
■  'I'ser.  .1  lions  in  C ’  ii  A I  .VRi  i  J  ■  10  ■“  K  i.  Si  is  A  1  '4  i 
('•NS  Hv'  Is.),  and  C  l\  Ms4S  i  ^  \\)  K) 

Presions  me'a.suremenis  of  ste.uis  flosss  m  the  it  m -i 
non  reeion  base  been  niaile  hs  I  lies  cr  i/  t  I'*  ''•)  u'lite 
the  k  Itr.is  toiel  Spei  l  route  let  on  r  At  1  ,s  I  ime  .i  \  ei.i.  ,  d 
veliKiis  '.niaues  m  Si  is  A1  top  I'bsersed  'snh  .'it  •  .’o 
spat.,il  tesoiulioii.  resealed  per'islenl  iii'Oio'i'  si.ih  ., 
dsn. mile  t.iime  ol  5  km  s  Jl  p  o  m  die  quiet  S;m 
NonsleiJs  Doppler  seloeilie'.  in  the  11.110,111.11  le.  .ii 
have  h.een  sUidied  bs  D.'.sihek.  1  eldi  .  n  .iiol  11. 'In  n 
(1076),  (  hiprtian  ilS/’i.  Brneeknei  il'.'  ■  .,  ,111. 1  -Aih.is 
>1  <il  ( Ihso) 

II  OBStRv  M  loxs  and  HI  1)1  I  inis 

Our  ob  SI'I  salions  are  m.ide  ssnh  lip'  '  p.'i  1 1.  ni  1,  i 
opieraimp  ,n  its  I lopplergr.mi  moile.  m  situ,  h  si.. 
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.ABSTR.ACT 

Tinif  ;ivcr.ii;cs  of  volocitv  mfasurcnicnts  at  disk  cr-nt'-r  on  tlu-  ijuii  t  Sun  rcvc  il  llic  jin  soni  t  oi  .i 
fairlv  staliiin.tr  \  i  Ml  tern  of  i  cllnhir  llovv  with  a  spalitil  sctilc  oi  5  10  .\lm.  Stic  h  nasi  ii;r,in;i'i.i  1 1.  .n  l,.i , 
a  spatial  rms  vi  rtii.ii  volocitv  ainplit iidc-  of  tihoul  <>('  n's  ‘  stipirposcil  on  tin  larger  'C  tic  si;|  rr 
granul.ir  flows,  l  lic  liic’.iim'S  of  tnev  granules  apjtear  ti>  be  at  least  1  hr. 

Subject  /u'ji/iiigc.'  Sun  atin'tsplu-rie  niotions  —  Sun;  granulation 


I.  IN  rRonre  1  io\ 

One  oi  the  striking  properties  oi  the  i.bserveil  eon- 
veetive  niotions  on  the  Se.n  is  tli"  ih-t n  le  s|)et  truin  of 
their  horizontal  -c  alt  s.  <  .r. mules  p.mi  s,  ales  ot  order  1 
Mm  ( !•)'  km  n  supergr  mules  oi  ord'  r  .'H  Mm.  .md  giant 
cells  ma>  be  of  .irder  1  sil  .Mm  ..r  gre.iter.  \lthough  tlm 
cellular  p.itterns  "i  botli  gr.inul.itton  and  '  iitergr.imti.i- 
tion  show  ,i  r.inge  oi  thetr  eh.ir.ic  leristi'  si  .lies 

differ  b\  a  f.u  tor  of  all.  The  i  ;\isi. m  e  of  gi.int  cells  is 
much  less  i  erl.iin,  being  inferred  ii  .iml\  from  ii.agnelii 
field  p.ittertis  ,ind  possible’  sari.itions  in  d.lTereni i.ii 
rotation. 

W  e  report  here  reci  nt  observations  of  sic  .uK  vertieal 
velociti  that  sho,',  strong  evidem  e  for  -.i  t  .inotlier 
scale  of  con  Vei  t  is  e  mot  iou.  iiUi  rn  .edi.lle  bet  w  eeli  gran 
ul.ition  and  supergratinl.it i  .n .  I  ir.e  .iver..ged  It'.pjder 
metisureiniTits  m.ide  at  disk  i  i  nter  ith  the  "ai  r.iniento 
F’e.ik  ( )bsi  rvators  i  ."sld  • )  di  ide  .u  r  r.  in'lnaaeiit  revi  .ii 
a  fairls  uniform  p.itti  rn  oi  i;ioi;.,n  tli.it  .ulertiates  in 
sign  on  :i  sp.itial  si.de  oi  .s  pi  Mm  ,ind  |j'  rsi,-ts  for  .it 
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ABSTRACT 

Simultaneous  satellite  and  rround-based  observations  of  supernranular  veK'cities  in  the  Sun 
were  made  usme  the  University  ot'  Colorado  UV  Spectrometer  on  CAS'D  8  and  t,.c  Sacramento 
Peak  Obsersutt'ri,  liiode  array  instrument.  We  compare  our  observations  of  the  steady  Doppler 
velocities  seen  toward  the  limb  in  the  niiddle  chromosphere  and  the  photosphere;  the  observed 
Si  II  A1S17  and  I  e  i  a.ss76  spectral  lines  ditferin  height  of  formation  by  about  Idoo  km. 

The  striking  results  ol  these  observations  are  that  supergranuiar  motions  are  ahU-  to  penetrate 
at  least  1 1  density  scale  heights  and  that,  in  doing  so,  the  motion  increases  tfimi  about  Si)t)  ms* 
in  the  photospliere  to  at  least  3000  m  s'*  in  the  middle  chromosphere.  Further,  a  distinct  change 
appears  to  occur  in  the  ilow  structure;  whereas  the  horizontal  component  of  the  velocity  pre¬ 
dominates  in  ih.e  low  photosphere.  sugge;>ting  strong  braking  of  vertical  momentum,  the  motions 
higher  in  tiic  atmosphere  arc  more  isotropic.  These  observations  imply  that  supergranuiar 
velocities  shi.nild  :ic  evident  in  the  transition  region. 

The  strong  horizontal  shear  layers  in  supergranulation  must  produce  turbulence  and  internal 
gravity  waves.  These  smaller  scale  motions  have  bearing  on  chromospheric  heatii.g  and  non- 
thermal  line  broadening. 

Subject  headings:  convection  —  Sun:  atmospheric  motions  —  Sun:  granulation  — 

Sun:  spectra  —  ultraviolet;  spectra 


I.  INTROUt.'CIION 

Observations  uf  velocity  fields  originating  deep  in 
the  solar  interior  vvouid  ercativ  aid  theoretical  modcl.s 
of  solar  convection  and  m.igncuc  aynamO'.  If  mixing- 
length  descriptions  of  cr '■.vec’ion  are  any  guide, 
convective  motions  with  il.e  l.irgest  h.'ii.tom;d  scales 
originate  deepcvt  in  the  inierior.  This  siiceests  that 
observations  of  the  velocitv  ti-.Tdv  ('I  maiU  ceils  and 
supergranules  v.ouid  be  [latt.^ulariy  iweiui.  the  former 
being  of  global  scale  and  tl.e  latter  h.ivinn  hon/ontal 
scales  of  about  MT.ODiikni.  The  inant  celis  ,ind  asso¬ 
ciated  variati.ins  m  diiicrcntial  rotation  on  the  Sun 
have  proved  d:l;!culi  to  oroerve  r-.-causc  of  their  very 
low  velocity  amphtinic-  .Surernanuiar  velocitv  fields, 
which  h.ive  at  Ica-t  'eni.c.r  Eir ’cr  amplitudes,  are 
more  readily  mc.i' iirc’ 1  and  o  'l^  are  rood  c.indidale:> 
for  detailed  ob.erv.ition , 

Supergranuiar  rni  l;  :v  .i:e  oroleibly  onivcn  mainly 
by  buoy.incy  lorcCi  in  il'.c  ’.ond  loni.'atMn  zone  of 
helium  at  a  noimn  it  ricptti  oi  17.!)''0kni.  i  Ins  is  also 

•  Staff  MuTHhur.  N.iiwin  il  h.utM  i  <-!  Si druJards. 
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the  region  of  greatest  convective  driving  in  the  Sun,  as 
determined  by  the  Rayleigh  number  based  on  the  local 
superadiabatic  gradient  and  the  density  sc. lie  heieht. 
The  details  of  the  convection  may  he  fairly  scnsaive 
to  the  structure  of  the  layer  between  this  depth  and  t!ie 
.surface,  and  supergranuiar  mofions  may  thereiore 
serve  as  a  probe  of  this  intervening  region  as  well.  Lor 
:>uch  probing  to  be  clfective,  measurements  of  super- 
granular  velocities  are  needed  over  a  broad  range  of 
heights  in  the  solar  atmosphere,  requiring  both  groun.d- 
based  and  satellite  observations  in  a  number  ol  spectral 
liner..  The  vertical  variation  of  the  velocities  and  the 
intensity  fluctuations  could  then  be  used  as  bench¬ 
marks  against  which  to  calibrate  the  functional  forms 
that  may  soon  become  available  from  adv.mccd 
theories  of  convection,  based  for  instance  on  anei.istic 
modal  equations  tfoomre  ct  al.  1976;  Nelson  and 
Musman  1977,  1978). 

Supergranuiar  motions  are  also  of  i  onsidcrab'c 
interest  for  theories  of  chromospheric  ncatini;. 
Theoretical  solutions  for  convection  suggest  th.it 
cellular  motions  with  the  large  hon/untal  scale 
typical  of  supergranulalion  should  penetrate  much 
higher  into  the  stable  atmosphere  than  tliose  wiih  ilie 
smaller  scale  (about  1000  km)  of  granulation.  It  'S 
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Paper  R. 

Gough,  D.O.,  and  Toomre,  J.  1983,  "On  the  detection  of 
subphotospheric  convective  velocities  and  temperature 
fluctuations".  Solar  Phys . ,  82,  401-410. 

Paper  S. 

Hill,  F.,  Toomre,  J.,  and  November,  L.J.  1983,  "Variability  in 
the  power  spectrum  of  solar  five-minute  oscillations".  Solar 
Phys. ,  82,  411-425. 
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Hill,  F.,  Gough,  D.O.,  and  Toomre,  J.  1984,  "Attempt  to  meassure 
the  solar  subsurface  velocity",  in  Proc.  Conference  on  Solar 
Oscillations,  ( ed .  G.  Belvedere  and  L.  Paterno),  to  appear, 

(Univ.  Catania  Press). 


15 


GROUP  4,  (Papers  Q  to  T;  Thesis  E) 

Solar  Five-Minute  Oscillations  as  Probes  of  Dynamics 
and  Structure  in  t.he  Sulaphot-osphere;  Observat.ions  and 
Theory 

Our  work  with  the  five-rninute  oscillations  of  the  Sun  has 
sought  to  use  these  wave  modes  to  probe  the  structure  oi  large 
convection  cells  and  of  differential  rotation  below  the  surface 
of  the  Sun.  The  necessary  Doppler  velocity  data  sets  have  been  a 
natural  adjunct  of  our  obseirvationa  1  work  on  the  persistent 
flows.  The  results  to  date  appear  very  promising,  for  we  believe 
we  have  been  able  to  detect  strong  flows  below  the  surface  that 
may  be  evidence  of  giant  cells  there.  The  results  of  the 
observations  are  reported  in  Papers  Q,  T  and  S,  and  in  Thesis  E, 
and  the  necessary  theoretical  analysis  of  the  advection  of  waves 
by  large-scale  flows  is  discussed  in  Paper  R.  This  will  be  a 
major  area  of  inquiry  in  solar  physics,  and  we  have  enjoyed  being 
present  at  its  beginnings.  However,  there  is  a  great  deal  of 
work  to  be  done  with  inverse  theory  to  help  interpret  the  rapidly 
improving  observations,  and  thus  this  subject  is  also  one  of 
long-term  research  investments,  much  like  convection  theory 
itself. 

Paper  Q. 

Hill,  F.,  Toomre,  J.,  November,  L.J.  1982,  "Solar  five-minute 
oscillations  as  probes  of  structure  in  the  subphotosphere",  in 
Pulsations  in  Classical  and  Cataclysmic  Variable  Stars,  (eds. 

J.P.  Cox  and  C.J.  Hansen),  pp .  139-146,  (JILA). 
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Zahn,  J.-P.,  Toomre,  J.,  and  Latour,  J.  1982,  "Nonlinear  modal 
analysis  of  penetrative  convection",  Geophys.  Astrophys.  Fluid 
Dynam. ,  22,  159-193. 
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Latour,  J.,  Toomre,  J.,  and  J.-P.  Zahn  1983,  "Nonlinear 
anelastic  modal  theory  for  solar  convection".  Solar  Phys.,  82, 
387-400. 


medium  below  the  solar  convection  zone.  This  has  major 
implications  for  magnetic  dynamo  models,  for  it  may  permit  dynamo 
action  in  this  region  and  thereby  overcome  many  of  the 
difficulties  with  magnetic  buoyancy  of  the  evacuated  flux  tubes. 


Paper  G. 

Latour,J.,  and  Zahn,J.-P.  1978,  "On  the  boundary  condi  ions 
imposed  by  a  stratified  fluid",  Geophys.  Astrophys.  Fluid  Dynam. , 
10,  311-318. 

Paper  H. 

burney,  B.R.,  and  Latour,  J.  1978,  "On  the  angular  momentum  loss 
of  late  type  stars",  Geophys.  Astrophys.  Fluid  Dynam.,  9, 

241-245 . 
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571-58C . 
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Hathaway,  D.H.,  Gilmam,  P.A.,  and  Toomre,  J.  1979,  "Convective 
instability  when  the  temperature  gradient  and  rotation  vector  are 
oblique  to  gravity.  I.  Fluids  without  diffusion",  Geophys. 
Astrophys.  Fluid  Dynam.,  13,  289-316. 
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Hathaway,  D.H.,  Toomre,  J.,  and  Gilman,  P.A.  1980,  "Convective 
instability  when  the  temperature  gradient  and  rotation  vector  are 
oblique  to  gravity.  II.  Real  fluids  with  effects  of  diffusion", 
Geophys.  Astrophys.  Fluid  Dynam.,  15,  7-37. 
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Latf;ur,  J.,  Toom.re,  J.,  and  Zahn,  J.-P.  1981,  "Stellar 

convection  theory.  III.  Dynamical  coupling  of  the  two  convection 
zones  in  A-type  stars  by  penetrative  motions",  Astrophys.  J., 
248,  1081-1098. 
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P  tackle  the  highly  nonlinear  descriptions  of  solar  and  stellar 
convection  using  modal  equations,  and  are  essential  ingredients 
in  the  development  of  our  theoretical  approach  that  promises  to 
unravel  the  flow  structures  with  depth  in  the  solar  envelope. 

These  constitute  a  wide  series  of  papers,  and  it  may  be 
best  to  summarize  the  main  results  of  our  theoretical  work  to 
date.  Firstly,  compressibility  yields  considerable  asymmetries 
between  upward  and  downward  velocities  within  three-dimensional 
convection  cells.  The  fluctuations  in  pressure,  ignored  in 
Boussinesq  and  nearly  incompressible  treatments  but  not  here,  can 
even  lead  to  buoyancy  braking  near  the  top  of  a  supposedly 
unstable  layer.  Thus  penetration  upward,  as  into  the  stable 
atmosphere,  can  be  either  impeded  or  sharply  diminished,  whereas 
penetration  below  the  convection  zone  can  be  very  strong  indeed. 
The  role  of  buoyancy  braking  should  lead  to  the  lateral 
deflection  of  rising  motions  within  the  giant  cells  as  they 
approach  the  He++  and  He+  ionization  zones  at  depths  of  about  20 
Mm  and  7  Mm  below  the  surface.  Thus  we  may  expect  to  find  strong 
horizontal  motions  there,  and  possibly  only  very  feeble 
counterparts  in  the  atmosphere  itself.  A  similar  lateral 
deflection  of  supergranu lar  flows  would  occur  at  shallower  depths 
below  the  surface,  and  thus  a  greater  horizontal  velocity  would 
be  evident  in  the  photosphere.  Our  work  has  revealed  the  very 
nonlocal  character  of  nonlinear  convection,  unlike  what  has  been 
assumed  within  mixing  length  treatments.  We  also  find  that 
penetrative  motions  are  much  more  vigorous  than  predicted  by 
linear  theory,  and  can  serve  to  modify  the  mean  stratification 
very  significantly  over  the  extent  of  penetration,  such  as  in  the 
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STELLAR  CONVECTION  THFORY 
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1.  INTRODUCTION 

This  meeting,  which  deals  with  turbulence  in  stars,  opens  with  a  review  on  ther¬ 
mal  convection.  There  is  no  better  way  to  state  from  the  start  that  among  all  insta¬ 
bilities  that  are  likely  to  arise  in  stars,  it  is  thermal  convection  which  is  the 
most  firmly  established  as  a  cause  for  the  turbulence  that  we  observe  on  their  surface. 
Our  confidence  in  this  comes  mainly  from  the  theoretical  preoiction  that  convective 
instability  sets  in  whenever  the  density  stratification  becomes  superadiabat  ic ,  as  is 
expected  in  late  type  stars  whose  outer  layers  are  very  opaque,  due  to  the  ionization 
of  the  two  most  abundant  elements,  hydrogen  and  helium, .^nd,  in  these  stars  at  least, 
thermal  convection  occurs  close  enough  to  the  photosphere  to  influence,  be  it  indi¬ 
rectly,  the  profile  of  spectral  lines. 

A  whole  lAU  colloquium  has  been  devoted  three  years  ago  in  Nice  to  the  topic  of 
■  tellar  convection,  and  one  finds  in  its  proceedings  an  extensive  account  of  wh.it 
was  the  state  of  the  problem.  Some  progress  has  been  accomplished  since  then,  and 
naturally  I  will  .spend  most  of  ay  time  describing  recent  work,  and  even  work  in  progess 
that  I  an  aware  of.  But  on  the  assumption  that  some  of  you  are  not  too  familiar  with 
the  subject,  let  me  first  recall  some  generalities. 


2.  A  HIGHLY  .NONLINEAR  PROBLEM 

Thermal  convection  is  described  by  a  set  of  well-known  equations,  which  state  the 
conservation  of  cljss 
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Wc  carry  cui  a  linear  siabiliiy  analysis  of  Hiiid  layers  under  uniform  rolalion  ahicli  possess 
budi  vertical  and  liori/nnla!  leniperature  gradients.  In  order  to  represent  various  latitudes 
wiili  liic'se  [liaiie  p.nallel  layers  tvc  use  a  roiaiion  vector  wnieh  is  generally  ohlutue  to  gravity 
We  consider  idea'  Hind.  Hitiioul  dillusion  within  a  Hmissinesq  approximation.  Hus  .iniplified 
conlietiratioii  is  u.ed  lo  assess  the  prelerred  convective  modes  as  a  Uincluin  ol  latitude  on  a 
planet  like  Jupiter  The  tilled  rotation  vector  mtrodiiees  a  preference  for  roll-like  distur¬ 
bances  wiib  norib-soiith  orientalmns.  while  the  Ivorifontal  temperature  gradient  produce,  a 
thermal  wind  .hear  which  lacots  convective  roils  oriented  parallel  to  the  How  m  an  east-west 
direction  With  both  these  elfvds  present  we  I'liid  that  the  lion/unlal  temperature  gradient 
needed  to  produce  -i  preference  lor  the  axisynimelric  or  east-west  rolls  increases  with 
ineie.ising  rolalion  raie  and  decie.i-.ing  lalilude  I  he  results  also  indicate  that  shells  with 
w'arni-ecp.i.Uors  h.ice  t  niucli  stronger  prefcience  lot  east-west  rolls  lhan  do  shells  with  cold 
equahas  In  .iiMiiion  wc-  find  that  the  tilled  rotation  vector  serves  to  make  the  symmetric 
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I  Ihc  fluid  e-'Pin.cd  hcluccn  plane  parallel  b*Hjndarics  and  ihc  ri'ladon  :s  ohikjne  to 

grasilv  Ilii'  diteit  foiaiii'H  vlvi.m  in(ri'diii.cs  a  preicrcncc  lor  roll-irkc  dutiirharKcs  ^'.i^o^c 
axes  are  oriw-nrctl  rn-rth  siMiih.  the  prcicienec  is  p.irticularlv  strong  m  the  cvpialori.it  rcL’ioti 
the  pfcscitve  <*t  a  lahludtt'.il  tcinjvraiuro  eraduaii  proJ'ieos  a  thcinial  kimi  shear  'Ahkfi 
lavt’rs  axisvfri'!k-lrrc  ck' • -kti-.e  idU  M  llie  ^radatni  cv.ecds  -xaiK  vr.iual  \  ilue.  lor 
■.anishinels  'in.ol  dilli.sr. .1  k »  ihc  v.iiue  •'!  this  (ransilion  leinpcralure  cfadieiU  approaches 
the  in\is*.id  .aliic  huinii  m  I’apcr  I  l-a  laicer  d'lTus’Miies  iareer  eiailtenls  are  reqiiiietl 
particular Iv  in  tfic  Imrh  l.iiriiides  I  hcse  rc-'tilt>  are  lar-jcK  independeto  i>l  llie  I’landll 
nuniher  l)il!  .O'-n  •enit'  to  stabilize  'lie  l.rfec  •Aascnuinhcf  rv»lK  v.'.ilh  ttic  ’C'Ull  that  a  nnkiuc 
wavenufiihcr  >.ar’.  f-’  i.ioi.l  ai  win.h  -wc  jr-'-'tfi  ra'e  niaMint 'cd  fiic-'C  prciciicd  ri  its  h.uc 
VMiitl'N  ci'fnpai.ihlc  d*  fi;-  depth  i*l  Pu-  l.j.er  and  'ci-vt  t'*  be  hroa^lcr  iKai  the  c<|aal''i  Ihc 
a xi>v rniik  r r c.  o-i  -.onii.o  -n  hno's  vspects  r.i  ihc  ch'iij  haiufs  lai  Jupiter  pio^ulcd  liu  '. 
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ABSTRACT 

.•Snela'tu,  ino.iai  c  ui,  Dons  arc  usoii  to  c.Kaniinc  thermal  convection  occurrina  mcr  inanv  clciisilv 
.scale  heigliis  :n  the  ciit.rc  I'Utcr  envelope  <’t  an  A-tvpe  .star,  enct'mpas.sino  bisih  ihc  hvdioRen  .iiui 
heluitn  cv'nv cc I: V el'.  unO-ible  .rones.  Sincie-nu'clc  ancla.stic  soluiimis  tor  such  cofnpre'-s'.h'e  eonvcciioi’. 
display  stione  i''.erslu'otina  of  ihe  motions  iriti*  adjacent  radiative  zones.  Such  mixina  would 
preclude  ddf. oivc  separation  ot  ciements  in  the  supposediv  quie.sccnl  rceion  between  the  iwo 
unstable  /ones  Indeed,  itie  .inelasti,  solutions  reveal  that  the  two  zones  of  eonveetive  ovaaLilitv  aie 
dyniUTueaiiv  eouplcsl  bv  the  oversho,i|inj  motions  The  nonlinear  single-mode  equations  adnnt  two 
solutions  for  the  '.line  hori/oiti.il  w.ivelengih,  and  the.se  are  (iistinguished  bv  the  sense  of  liie  verticil 
velocity  at  the  ccniei  i  t  the  ihice-dimenstonal  ceil.  The  upward  direeted  flows  e\|iet:cnce  Luge 
pressure  tflects  v.ticn  thev  penetr.ite  into  regions  vv.nere  the  vertical  scale  height  h.is  b- .  ome  small 
compared  to  then  lion/  >ntal  scale  the  fluctuating  pressure  can  niodifs  the  densitv  fliiciaaiu'ns  so 
that  the  seiV'C  >ii  the  bui'Cancv  force  \s  changevl,  with  bui'vancN  braking  aetmiUv  aihievcil  near  the 
top  of  the  convection  zone,  even  'hougli  the  mean  siratificalu'n  is  .still  super rdiabaiie  Ihe  |srcssui. 
and  buov^incv  w'-rk  tl;.  re  sctvcs  to  decelerate  the  vertical  mc'iions  and  deflect  them  later  ,iiv.  leading 
to  stron-g  tior;/'':T,.il  .''g>iitng  aii'tu'n.s  Thus  the  sh.ilU'w  but  highly  unstable  hvdro'gen  loiv.Mlu'n  zone 
mav  serve  to  pr  .-vent  ..>nveci]on  wuli  a  hor /oni.il  scale  comparable  lo  .supergr.mulai.on  iroiii  gei'uig 
through  in:.'  'h-'  attno-phere  wuh  iriv  ';gnifie.,nt  port..>n  of  its  original  momentum.  Ilii  'iig..esis 
that  s.trong  honzi'iit.i!  -'icar  flows  .'hould  '  c  present  iusi  beli'w  the  'urhiee  of  the  star,  and  suiiilailv 
that  the  laig.  scale  ■i;  ins  evtcnvimg  into  the  stable  atmosphere  would  appear  niamlv  as  lu'ii/onl.ii 
flow's 

Suh/t'(i  eonveetion  -  oarv  atm<)sphcrcs  stars;  interiors  stars:  metalhe  line 


1.  IMKODI  (  IIO.N 

Tvpieallv  A  tvpc  siars  piosess  two  ci'nvcetion  /I'mcs. 
one  direellv  t/cl.-w  the  url.icc  driven  pred- 'minanllv  bv 
tlie  ion, /at  oil  o;  iivilii  .i.  ii  ai'>l  .uiodwr  decj.er  down 
driven  bv  the  scsoud  :■  i  /ai-.ou  .it  helium  .According  li) 
mo., I  mi'ing  Icn.  ih  models,  the  .e  two  tmsi.ihlc /ones  are 
separ.iled  a  ci'i;.  ,  .''  t.  rmreiv  ladia'.ve  /op--  Ad-  have 
studied  in  I’.irc'  till  .  'ne  t:.il  I  Id  :  ilie  .  ,>ii'.,  cf.vc 
mol. oris  in  ih.  decj  ■  i  ■  1  ihe  t  /le..'  u-.iig  .i/.cl.c'iic 
mod  ill  cq'i.it:'  n  m  : ;  r  s.  ni;  :■  -I  ver u;  •  .ks,  i-he  the 
dvn. miles  fnii  .o.  I'e  n  .sere  sulisi.mli.iilv  .idlcicnt 
from  those  b.i  ed  op  in;  ..me  length  're.itmcn's  llic  r:  i'. 
iinum  convc.tivc  Ihiv  :n  the  ceond  convec  li' ai /.  ,;ic  vc  ;m 

dll  A  . -..i.-.l  ■'  .  M  ■  ' 
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about  til  of  the  total  flux.  .i  value  .ibotil  two  (udem  of 
magnitude  greater  than  m  most  mAing  length  ni.i.'.cU 
(Latour  1470).  though  mi.xmg-lcnglh  rcj'icscnlalion.  an 
be  adiiisic'd  to  vielJ  compaial'lc  fliivcs  iB.dim  \  ii.  :ise 
1477,  Nelson  147k|  These  anclasl  c  solui  otm  lui:  lei 
revealed  that  the  convective  motions  drr...  n  hv  I  le 
arc  not  |Usl  conimed  to  ihc  region  t  I  uiislabic  niui  ci  i 
ture  gracLcnis  Rather,  the  Hows  pcncoaic  sevci.ii  .  ..le 
heights  both  upw.ird  and  downward  ml.’  ihe  t.ihle 
inateriaJ  surrounding  this  region  .ind  even  di  ■  ■  .i  scoes 
of  ! ounlcr^ells  A'e  coin  hided  lli.it  onvcilive  iiioiions 
Irorn  the  decjier  unst.ihle  /one  would  evtcn.l  lo  die 
overivmg  hvdrogen  eonveelive  /one,  .illhon,  h  d'.  Li.iei 
was  not  explieitiv  included  m  the  .in.ilvsis  lies  .inm.  Iv 
suggests  that  the  two  eonveelive  zones  in  .in  ^  ivpe  a..! 
are  dvnamic.illv  coupled,  a  resull  eonti.irv  to  nio-l  miv 
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(Re(eive<l  111  Marth  MtSI  and  in  revised  form  (i.Iuly  liW:’) 

Trunoatcd  rnii<|,il  cuMtiotis  are  used  to  study  the  time  evolution  of  therriial 
eonvection  In  the  Ifiiissinesi)  aftpioxiniation  these  nonlinear  etjuat  ions  are  ohtaiiied 
hy  expandine  the  tiuetuatieto  vehieity  and  temperature  lields  in  a  linite  sit  of 
planfornts  ot  tie  leirj/.fintai  eoordinates.  Here  we  reftort  on  numt'rieal  stiiiiies  dealino 
wit  h  tw  o  nr  t  hie' •  inodes  w  ; til  triad  interaetions.  We  have  found  rich  t ime  ciependence 
in  these  (  Uses  perindie  and  a[)eriodie  solutions  can  he  iditained.  alone  w  ith  \  arioiis 
sttady  solutions  I'hree mode  solutions  reprodin’e  tlie  i|ualilati\e  appearatiee  of 
spoke  pattern  eonvei  tion  as  observed  in  experiments  at  hifili  I’randtl  nuinhers. 
'rhoutth  the  s  allies  ( ,f  t 111'  fieriods  <d  tlie  time  (iefauident  solutions  do  not  aeree  ssitli 
those  of  t  he  e\  p'  I  ineiit  s,  I  heir  \  anat  ion  ss  it  h  Has  leieh  mini  her  eonipares  lasaiuralds 
Except  at  the  hiirhest  Itas  h  I'.di  niiniher  sse  iiase  considered  llO'j.  thi’  theoretical 
Nusselt  nnuiheis  aeree  SSi  ll  ssith  expeiimeru. 


1.  Introduction 

In  the  preileei  s^or-  ot  this  paper  sse  attempted  to  deserihe  the  el'Oss  features  III 
aronveefiiie  fluid  iiy  a  simple  II  elude  approximal  loll  Jiroeeduie  (tiolieh  Spieei'l  \- 
Tooflue  I'.lT.’)'/  hereinattei  reteried  III  as  1;  I'oomre  ( loueh  N  Spieeel  IPTT. 
hereinatli  i  II)  We  ex(iaiideii  the  llueiualiiie  temperature  and  S'  loeits  in  terms  ol 
th*‘  platiioim  tiiiietion'  ot  Imea'  tiieoi\  and  kept  onis  a  tess  term-,  or  modes  a-  sse 
shall  call  them  In  I  and  II  sse  de-eMhid  eahnlat  ions  in  sshieh  onls  om  mode  ss  as 
kefit .  and  ss  e  -ol  ■,  ed  the  re-iilt  me  cpiat  1011-  for  the  s  ert  ua  I  st  nut  in  e  ss  it  h  aeeii  t  ate 
nutneiie,d  ~i  heiiie-  (It  eoiiise  the  e|ioiee  o|  |ilanliiitn  I'eniaiiis  aihitrars.  hut 
rieverl  tuie --  It  ssas  eiieoiiraeuie  to  learu  m  II  that  a  ehoiee  i-Msis  th.it  leads  to  a 
tolerahls  eiiod  I'pri  eiitatioiiol  the  me. 111  pr"piitiesol  1,1  III  iraf  01  s  1  011  s  eet  mn . 

In  the  I  .1-1  o|  iiie|i  mode  ei  III  s  eet  II  111  t  lu  si  .Inf  n  ,n-  al  ss  a  s  s  es  o|s  ei  I  to  steads  st  .ite- 
sshieh  -.lil  ts  the  S.’terii  ot  eipi.llloM-  tir-t  euen  tis  lioherts  (IPlili)  llossesel, 
lahoiatois  tilde  '  ot  I  on  s  e.  I  11  m  In  ,  .  ,|.i,  t  iiue  depemu  n\  at  loeh  enoiujli  1  !.i  s  leieh 
nurtilier  and  sse  ssould  hke  to  kuoss  ssliether  and  Imss  ssell  tlie  modal  appro, nli 
represent  -  t  li  I  -  1 1  idee,  I  m  t  ss  o  ,1  lei  I  h  n  e  nu  ide  -I  ud  Us  ss  e  h.i  s  1  ■  loimd  s  il -t  a  mei  1  1 1  me 
dependeni  I  Imth  periodle  and  .Iperiodie.  .liid  sse  report  here  on  tliese  results 
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Thr  :noJal  expinMon  procedure  ha^  been  uccd  lo  analyze  penetrative  convection  ihai  a^lse^ 
when  a  than  iin>(anle  'aver  is  eii'iseddcd  between  two  stable  regions  Flie  Boussru'c) 
approximation  is  applied  in  whicn  the  elTcci  of  compressihilitv  and  siraiinc.ih.in  tie 
neglected  Various  calculations  tiave  been  made,  with  one  and  twi'  miides.  foi  RasleiL’.li 
numbers  r  inging  from  the  criiisal  value  10  more  than  III’  limes  critical  I  he  ellcti  of 
decreasing  the  I’randll  number  has  also  been  investigated 

It  is  found  that  m  the  noiilinc.r  regime,  ihe  conveetivc  motions  penetrate  subs!  iritiaHv 
into  the  stable  rcgi.ms.  1  he  ilux  of  kinetic  energy  plays  a  crucial  role  tn  such  penetration, 
and  its  existence  puts  some  reauiicnients  on  the  motions:  in  ilic  singlc-nnide  case,  ilicv  nectl 
to  be  three  dimcnaonal  The  extent  of  penetration  amounts  to  ahi'ul  half  of  the  ihicknc-s  ol 
the  unsl.tble  l  iver  on  e.ieh  sale  ol  il  when  the  degree  of  instabihtv  and  that  ol  st.ihilils  ale 
comp.irable  in  llu’  '.so  domains.  :l  increases  ,ts  the  .ijbililv  of  the  outer  region  is  lowered 
The  pciiei.'.itiori  depth  appears  to  be  independent  o|  all  otb.er  parameters  ilefining  the 
problem 
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envelope  u  hose  iiieaa  'ir at .h.  .:tn*n  is  rie.ii  iv  adianaiic  over  nti*si  oj  -is  vertnai  e\ten(  because  oi  jhe  ent .‘lalpv 
(or  eonvevti'.ei  h;,v  evph.itlv  earned  b\  the  bie  ceil,  a  sub  end  -^.ale  represent. Uion  ot' turrsuteti!  Iie.it 
lransp>  tj  is  inv  -r  pttr  atvd  into  iIk  tr  e.iUr.er'.i  near  !(te  surtaee  The  sa tele- mode  equal u'tts  adntii  two  sol utu mis 
for  the  s  inie  Iton/ontal  wavelenclti.  and  trieNC  are  di'tineuisneu  bv  the  sense  oi  the  verTn.aI  veh'vilv  at  the 
center  oi  the  •  ree  dimensional  veil  (t  is  stt:kme  th.il  the  upu a'’d  dircvleEt  fh'us  expertetKc  laree  pie  sur.' 
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Ihe  pressure  nwl  hviov.iruv  wor^  .n  ttte  shallow  but  uiist.ibtc  H  and  He  ;um/aiion  reeions  can  serve 
to  decelerate  die  *. erti..  d  fn.Jiiotis  and  deMevt  them  iaterallv,  Icadirc  t  *  strong  hon/onta!  shearing  nu'fioiis 
It  appc.irs  til  l'  oii.h  dvfiatnieal  processes  may  explain  uhv  the  amplitudes  o\  hows  related  ti'  the  l.treest 
Seales  id  conviction  .ire  so  feeble  in  the  solar  ainiosphere 


1.  Introduction 

The  slruclurc  <'rihc  siilar  atmosphere  is  determined  largely  by  the  convection  iust  belou 
the  surtaee  and  the  waves  that  it  can  eenerate.  The  coupling  of  these  turbulent  motions 
with  m.ignetie  fields  must  cause  most  nf  what  is  observed  on  the  Sun.  However. 
theoretie.il  under'i.mdine  ol  the  dynamics  of  the  solar  convection  zone  and  associated 
motions  ill  die  .iiniospliere  is  still  very  inei.miplete.  For  instance,  no  dettiiled  theoretical 
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ABSTRACT 

Power  spectra  of  solar  flve-mlnute  oscillations  display  prominent  rldc.e 
structures  in  space,  wh*-Te  k  is  the  horizontal  wavenumber  and  'w  Is  the 

temporal  freiiuencv.  The  positions  of  these  ridges  in  k  and  w  are  sensitive  to 
large-sc.ile  velocity  and  temperature  fields  over  a  range  of  depths  below  the 
surface.  We  have  compared  observations  on  separate  days  to  search  for  shifts 
In  the  ridge  centroids  that  can  he  related  to  different  velocity  anc' 
temperature  patterns  having  been  brought  Into  our  sampling  region  by  solar 
rotation.  The  results  suggest  that  we  may  have  detected  convective  flows  w1 t\i 
scales  akin  to  giant  cells.  Comparison  of  ridge  centroids  on  two  observing 
days  separated  by  27  days,  or  about  one  solar  synodic  rotation  period,  show  no 
significant  ridge  displacements.  Other  pairs  of  days  generally  display 
measurable  differences  In  ridge  centroids,  with  these  corresponding  roughly  to 
changes  in  horizontal  subphotospher ic  velocities  of  order  50  m  s“^.  Our 
limited  data  suggests  that  the  horizontal  pattern  scale  of  the  cells  is  about 
5/27  of  the  solar  circumference,  or  about  800  Mm. 


INTRODUCTION 

Two-dimensional  power  spectra  of  high  degree  (100  <  £  <  1000)  solar 
oscillations  possess  striking  ridge  structures.  Such  concentrations  in  power 
for  the  five-minute  oscillations  appears  to  arise  because  these  acoustic  modes 
are  resonantly  trapped  in  the  convection  zone  (e.g.  Ulrich  1970;  Leibacher  and 
Stein  1971;  Dmibnor  1975;  Rhodes,  Ulrich  and  Simon  1977).  As  reviewed  in 
these  proceedings  by  Christensen-Dalsgaard  (1982)  and  Gough  (1982),  the 
observed  horizontal  wavenumber  k  and  temporal  frequency  w  of  the  modes 
contributing  to  such  ridees  provide  information  on  the  mean  stratification  of 
tVie  Sun;  they  can  also  serve  as  prob*'S  of  large-scale  velocity  and  thermal 
fields  In  the  aubpho t o sphere .  Indeed,  Deubner,  Ulrich  and  Rhodes  (1979) 
sought  to  probe  h.ow  soLar  rotation  varies  with  deptl.  by  using  the  flve-mlnute 
oscillations  of  high  degree,  tliough  Gough  (1978)  cautions  that  the  Inversion 
of  such  data  Involves  considerable  del Ic  icy.  Here  we  report  on  some  aspects 
of  our  -ont 1  m.  i nc;  program  of  observations  designed  to  search  for  variations  In 
the  position  of  tie  ridges  that  may  be  due  to  different  large-sc.ale 
subphotor,p>i.r  ic  convection  patterns  being  brought  Into  view  of  our  observing 
window  by  solar  rotat'on.  'We  shall  show  that  the  possible  presence  of  giant 
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conscKtise  '.hv\s  { he  dist'aiix*n  to  the  n  -  . oreSatton  has  1'a«^  consutacnts  one  depends  oii  the  hon/oni.ii 
conipi'iKMi  I'f  the  eoir.c.ti'.c  '-.lo.  ;!\  and  has  a  s.jii  uh.ch  depeiuls  on  the  sieti  of  ,  ;  i  ,  the  ottier  derends 
on  (eiiiper.ii.ire  rlut  I  nations  nut  i«  independent  ■'!  the  si.ni  of  -  .  e  The  niaennaJe  of  ifu'  distortion  ,s  Mist 
at  the  hunt  "I  p'  esen'  •  -hvr.  r  •.  athnial  seiisitiv  il\  ]  hus  tfic:  e  is  reasiinablc  ii‘»pe  that  it  a  ili  he  pi->s,hie  to  re.  eal 
some  jspeets  of  the  iarje-sealc  lt»)\\  in  the  solar  ‘:onvccuon  zone 


1.  Introduction 

I  he  'structure  of  the  \va\es  that  produce  the  livc-niinute  o'Cill.uions  of  die  Sun  licpciui 
principal!),  on  the  mean  vertical  ciratificalii'ii  of  temperature.  I’liat  sir.itilic.uio.n  dcici- 
mincs  a  tairi)!  v*.  eil  dehned  '•euucnce  of  relation'-  between  the  frequene'-  and  the  hi'ri/onial 
vva'.e  number  of  the  ■'-.ciliations.  Ihiv  has  been  exhibited  for  the  teal  Sun  m  po\\er 
speetr.i  e>f  Doppler  me-isuremenis  I  e  e  .  Deubner  a  iil  .  lUT'G.  jmJ  ^  i  mi  pared  w  ilh  ihei'i  \ 
t('  determine  liie  ,u.liab;!i  in  tlie  iseiitropie  part  oi'the  einueelion  /i me  le.e,.  liL'i'ih>>mieii 
et  al .  l‘tX(i;  I  ubow  ci  u/ .  |umm.  Hu\\c\ or.  these  relations  .ire  ma  perteelK  maintained 
frequeiiex  is  m  -t  preeisels  oetcrmmed  bee.uisc  the  modes  do  not  persoi  indeimiieK .  ami 
the  wave  patterns  are  disiorieei  h\  rotation  and  ine  inhomogeneities  assneiaicd  \iiili 
eons  eelion.  it  is  the  p.irpose  of  tins  paper  to  report  a  prelimmar).  theorelie.ii  assessmeiu 
of  the  m.iemiude  of  the  disionmns,  wnli  a  xiew  lo  the  eventual  measuremeni  O  the 
vcloeitx  tiiui  tem['eraiiire  llueiiiatioiis  in  llie  eoineetion  /one.  In  an  aeeompaii'-  me  paper 
(Mill  Cl  III. .  IV.Sl)  observalK'ii.il  evidenee  for  such  distortions  is  presented 

We  restrict  mir  attention  lo  miules  ol  high  degree.  In  that  ease  the  oseillanniis  are 
trapped  in  ,i  shallow  waveguide  iust  beneath  the  photospliere.  the  base  of  ihe  liappine 
region  is  at  a  depth  of  ahnul  11/  '  K .  where  n  and  /  are  the  order  and  ilegi  ee  of  the  im  -de 
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rotation  [’we:  •'pc.^t  i  f,.ive  '•’cen  obtained  lor  >i\  U.isa  ot  ohserv atuais  o:  Doppler  ccloeitic.  ,r  i,.-  oic 
Mgl  •'’’I  ,in.:  I  e!  / U  Npe.tr.!  lines  E.acn  dat.i  set  covers  '<  to  II  hr  in  time  and  sample  icaion 

2'';  .  I('2-i  o-.ioj'  ex'en*.  witi;  a  '•pati.i'  rest)iuii>m  of  2  and  temporal  samphne  ol  m''  a  We  ha'-e 

detecti.  1.1  on:; N  .•  .  • .  I'loio  ^'et’Acen  .e.  '.on  data  sets  which  arc  statist waiK  sieniticant  I  in'  char a^.  ter 
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We  CNbiii  i'..  ;m.  i oi  th.-  •. el—  it\  Ahanees  to  he  on  the  order  of  |no  m  s  we  ma\  be  de’CAline 

the  4.  t  s  o:  I.r  •  .he  '.•’iw  eel.*  a.  jkiii  I*)  pi  ant  cells 


1.  Introduction 

H  itii-’e’  si: .  f  'c-s  jrc  O’,  '(.lent  in  .patiai  and  temporal  (A.,  od  power  spectra  of  the  observ  cd 
li\e-niirui'c  *  '  .  I'Lt'.i-  ais  olhlic  Sun  (c  lv,  Dcubnerc/  a/..  1979).  Such  ndges  in  pov\cr  arise 
because  a.'  n.s  ; ,  a. ps  trapped  in  the  thermal  structure  below  the  solar  surface  possess 
a  fairl\  speu:!;-  rei.  iMpi-,ii;p  heiueen  their  frequency  t.v  and  horizontal  wa\'enumher  k 
Sine  e  ih'.'  e!-  .ra.Jer  -  ■*  'die  ■'  ilhiiuMis  i>  determined  large!;.  h\'  the  vertical  straliticahon 
v^f  i.:inpe;  .iiure  ihe  st>!ar  surlace.  the  observed  piisitions  of  the  ridges  eould  be 

conip.uetl  'A:t!;  il'.eci;.  to  determine  at  least  the  adiabat  in  the  iseiUrttpic  part  of  the 

convex'!"::  /.we  lee.  Bertii-'mieu  n  >i/  ,  1*>S0;  I.ubwus  ci  at..  I9S0).  However,  the 

di'.p.w  Mi  -ei. -  ’iiiKU’.e  k  ,uul  f.*  'All;  be  periurbed  bs  leniperalure  and  velocity 

druKlui'^-  '  I  i.i’ed  •\idi  tin*  convcciion,  and  so  toe)  by  diHerenlial  rotation.  I  fic 

pu  r-'w  *'I  ihi  '  :b  w. a'lCiOa!  ^tudv  is  tn  altempT  lt>  detect  shifts  in  ridge  positions  that 
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ABSTRACT  --  The  five-minute  oscillation  modes  will  be  advected  bv 
h r  1  zor'. :  a  i  \’elocities  below  the  solar  surface,  and  thus  can  be  used  as 
probes  tho.’re  of  rotation  and  large-scale  convective  flows.  Results  of 
iiiV'  r-.:,-  ti'^'orv  applied  to  observations  of  high-degree  modes  carried  out 
n  ‘  iv  ;  atcjif  davs  rev-  al  variations  in  horizontal  velocities  with 
■■  ■  ■  d  th.j',,  ir,a;.’  b*.  the  result  of  giant  convection  cells, 

' n  i:', e  in  t  data  r.aV-js  this  interpretation  somewhat  tentative. 

1 .  INTRODUCTION 

Ttiis  paper  reports  a  preliminary  attempt  to  determine  the  sub- 
pfiotosrihi-r  ic  velocity  field  from  the  positions  of  the  ridges  in  the 
tk,'.,))  pow.'T  spectra  of  five-minute  oscillations,  where  k  is  the  hori¬ 
zontal  wavenumber  and  aj  is  the  tc-mporal  frequency.  An  optimal  averag¬ 
ing  inversion  procedure,  used  originally  by  geophysicists  and  which  was 
suggesred  by  the  work  of  Backus  and  Gilbert  (1968,1970),  is  applied  to 
tlu'  perturbations  to  the  ridge  positions  that  we  believe  are  induced  bv 
large-scale  horizontal  flow.  Tlie  motion  is  composed  primarily  of 
de  p  t  h-de  periden  t  rotation  and  possibly  a  contribution  from  giant 
convec  t i on  cells. 

Previously  Deubner,  Ulrich  and  Rhodes  (1979)  sought  to  determine 
from  the  ridee  position  how  solar  rotation  varies  with  depth.  Similar 
analysis  arinlied  to  subsequent  observations  (Rhodes,  Harvey  and  Duvall 
1983  )  failed  to  reproduce  the  e.arlier  results.  Hill,  Toomre  and 


;  1 1 

PAPER  T 


END 

FILMED 

7-85 


DTIC 


